term simulations performed with an earlier version of the GEOS-5 AGCM (tag: Fortuna 2.4) (Schubert et al. 2014) ; it is used to assess the effects of historical warming. The dependence of the attribution analysis on climatologies used and the model dependence of our assessments are examined by also considering long-term NCAR CAM5 AMIP simulations (1901-2017; 40 members) . 1 Since the precipitation deficit and surface warming anomalies in the northern High Plains mainly occurred during May-July 2017, our analyses focus on the average of these three months. Figure 1 examines the 2017 northern High Plains drought relative to the 1980-2014 climatology. The observed May-July averaged precipitation deficits occurred over the northern Plains and southern Canadian prairies (Fig. 1a) . Meanwhile, much of the western half of the United States experienced warmer-than-normal temperatures, with peak warming over Montana, the Dakotas, and the southwestern United States (Fig. 1b) . The accompanying geopotential height anomalies in the upper troposphere consisted of widespread warming in the tropics and much of the midlatitudes, a reflection of global SST warming trends during recent decades (e.g., Schubert et al. 2014) , as well as a zonal wave train that spans the North Pacific and North America, with an anomalous barotropic high centered over the northwestern United States (Fig. 1c) persisted throughout much of May-July 2017 (not shown), contributed to the local surface warming by suppressing the formation of local convection and clouds and leading to increased solar radiation at the surface. Meanwhile, the northerly anomaly at its east flank in the lower troposphere weakened the Great Plains low-level jet (LLJ) and inhibited northward atmospheric moisture transport by the jet, leading to precipitation deficits in the northern High Plains.
RESULTS.
To investigate the physical processes for the 2017 drought event, we compared anomalies from the first set of GEOS-5 AMIP simulations with observations (Figs. 1d,e ). Here the model ensemble average highlights the SST-forced signal, whereas the spread among the ensemble members reflects the unforced variability generated by processes internal to the atmosphere. The observed SST anomalies show warming over much of the tropical and subtropical oceans (Fig. 1f ). When forced with these SST anomalies, the ensemble mean of the GEOS-5 AGCM simulations shows little change in precipitation but a notable surface warming in the northern High Plains. The observed anomalies fall within the fairly large model ensemble spread, with the observed precipitation anomalies falling near the dry edge of the spread. Only three ensemble members (out of 90) show persistent dry and warm responses similar to the observations. These results suggest that the 2017 warm SST anomalies encouraged surface warming in the northern High Plains, while atmospheric internal variability explains much of the precipitation deficits. A parallel analysis using the CAM5 AMIP simulations shows that the above conclusion is not changed when viewed in the context of the century long climate (cf. Figs. 1d,e with Figs. ES1c-f); furthermore, it appears that much of the 2017 SST-forced surface warming in the northern High Plains is a response to the long-term SST warming trend (see the online supplemental information). Figure 1g shows that the year-to-year variation of summertime precipitation in the northern High Plains is typically associated with a zonal wave train (of roughly wavenumber 5) in the NH midlatitudes; its connection to SST is weak overall (Fig. 1h) . Such a wave train resembles the leading patterns of upper-level circulation variability within the jet waveguide during boreal summer (Ding and Wang 2005; Schubert et al. 2011) . The nature of the drought-inducing atmospheric internal variability is yet unclear and needs further research.
In our second analysis, we investigate the effect of historical warming on the occurrence of extreme dry events in the northern High Plains by comparing two time periods from the long-term GEOS-5 AMIP simulations: 1901 -70 and 1980 with the latter period coinciding with the start of a period of enhanced global warming. The May-July mean SST differences between the two periods (Fig. 2a) reflects the long-term warming trend over the twentieth century, as evidenced by its resemblance to the SST warming trend pattern that is obtained as the leading rotated empirical orthogonal function (REOF) of annual mean SST over 1901 -2004 (Schubert et al. 2009 ). Most of the effects of decadal to multidecadal oscillations (e.g., the Pacific decadal oscillation and Atlantic multidecadal oscillation) are thus averaged out in the two periods. Relative to the early period, the ensemble mean upper-level geopotential height in the latter period (Fig. 2b) increases nearly everywhere, with local maxima occurring over the northwestern United States and the Bering Sea, presumably forced by the long-term SST changes (Fig. 2a) . In fact, such atmospheric circulation changes resemble the responses of this model and four other AGCMs participating in the U.S. CLIVAR drought working group (Schubert et al. 2009 ) to the above-mentioned SST warming trend pattern (not shown), suggesting that the circulation changes in Fig. 2b are a robust dynamical response to the warming trend pattern.
We investigate the effects of historical global warming on the occurrence of drought extremes in the northern High Plains by comparing the probability density functions (PDFs) of drought-related variables in the two periods. The precipitation PDFs in the northern High Plains for the two periods are very similar (Fig. 2c) , consistent with indications from GPCC observations (not shown). There are, however, clear indications of an increased probability of warmer surface air temperature in the recent period (Fig. 2d) , which leads to a modest increase in the risk for drier soil (Fig. 2e) . The AMIP simulations thus suggest that agricultural droughts (soil moisture deficits) are more probable during recent times. Evapotranspiration shows a slight net decrease (not shown), a reflection of the slight decrease in precipitation. There are also clear indications of an increased probability of a moister atmosphere over the central United States (Fig. 2f) and increased eddy height anomalies over the northwestern United States (Fig. 2g) . While the moister atmosphere tends to increase atmospheric moisture transport to the northern High Plains and thus precipitation there, the increased eddy height anomalies tend to reduce this precipitation by inducing subsidence in the northern High Plains as well as by weakening the Great Plains LLJ. In other words, the modest change in the precipitation PDF (Fig. 2c) appears to reflect counteracting impacts of the thermodynamic and dynamical processes. A parallel analysis using the CAM5 simulations (Fig. ES2) produces results similar to those based on the GEOS-5 model (Fig.  2) , supporting that our findings are not model dependent. We also emphasize that the impact of dynamical processes examined here ref lects the model's response to the observed SST changes that occurred during the period of 1901-2014. As such, the dynamical impact may be different in models (e.g., CMIP5 historical simulations) that simulate mean SST changes different from the observed.
CONCLUSIONS.
The 2017 northern High Plains drought and associated heat waves were induced in part by a positive height anomaly that persisted over the northwestern United States and the northern High Plains throughout much of May-July 2017. Our model results show that while the observed 2017 SST anomalies provided a predilection for drought by inducing surface warming, internal atmospheric vari- | ability accounts for the extreme precipitation deficits.
An assessment of the role of historical global warming shows no appreciable increase in the risk of precipitation deficits but an increased risk of heat waves in the northern High Plains. In fact, a substantial fraction of the 2017 SST-forced surface warming appears to be a response to the global warming signal. The small change in the probability of precipitation deficits over the historical period appears to reflect counteracting effects of thermodynamic processes (increased atmospheric moisture over the United States) and dynamical processes (increased eddy height over the northwestern United States). The increased risk for heat waves may have increased the likelihood of agricultural (soil moisture) drought in the region, and contributed to exacerbating the 2017 drought.
